The aim of this study was to develop an electrospun poly-l-lactide (PLLA) nanofibrous membrane incorporating oleic acid-coated Fe 3 O 4 . The Fe 3 O 4 nanoparticles were prepared using the chemical co-precipitation method, and particle diameters were analyzed using transmission electron microscopy. After mixing the oleic acid-coated Fe 3 O 4 nanoparticles and PLLA, a membrane with nanofibers was manufactured using the electrospinning technique. Our results showed that Fe 3 O 4 nanoparticle diameters fabricated in this study were concentrated at 2-8 nm (84.2%). After magnetizing, there exists an approximately linear relationship between magnetic flux density and membrane thickness (R 2 = 0.7, p < 0.05). NIH-3T3 fibroblast cells cultured on the magnetized Fe 3 O 4 / PLLA nanomembranes exhibited a more spreading and attached phenotype. These results can serve as a reference for future advanced studies.
Introduction
Tissue engineering is a technique utilizing artificial scaffolding. Its success greatly depends on the chemical and physical properties of the biomaterials. Recently, poly-l-lactide (PLLA) has become the most popular biodegradable material for scaffolding [1] [2] [3] . However, low proliferation rates and poor cell attachment were reported when cells were cultured on PLLA surfaces [4, 5] . To improve cell proliferation and differentiation on a PLLA surface, modification of PLLA scaffolds is necessary [6, 7] . Among these modifications, electrospinning is a useful process to fabricate membranes with nanofibers. Since its structure is close to the extracellular matrix architecture, electrospun PLLA membranes provide a significant advantage in tissue regeneration [2, 8] .
For physical factors, static magnetic fields (SMF) have been reported as an inducer of osteoblastic differentiation [9] [10] [11] [12] . It has also been reported that SMF had a significant effect on cell attachment and proliferation on to the surface of scaffold [10] . To improve the effect of osteoinduction of osteoblastic cells seeded on a PLLA surface, Feng et al. [13] investigated the effects of a magnetic environment on the differentiation of osteoblastic cells cultured on the surface of PLLA substrates. Their results showed that osteoblastic cells had a more differentiated phenotype when osteoblastic cells seeded on a PLLA substrate were treated with an SMF.
Interestingly, recent studies have demonstrated that magnetic nanoparticles can also improve cellular function, even without magnetic field exposure [14, 15] . Tran and Webster [16, 17] [2, 3, 8, 18, 19] . Their results showed that magnetic biodegradable nanofibrous membranes have the potential to be used as a biomaterial for tissue engineering. However, even for these biodegradable nanofibrous membranes containing magnetic nanoparticles, the combined effects of SMF were unclear, because these membranes were not magnetized.
Oleic acid is a fatty acid that occurs naturally in various animal and vegetable fats and oils. Although previous studies have shown that oleic acid-coated Fe 3 O 4 can be used to prepare lipophilic magnetite particles and integrated into PLLA-based magnetic biodegradable nanofibers, the application of such magnetic fibrous scaffolding in tissue engineering has not been investigated. In addition, as mentioned above, the use of magnetic biodegradable nanofibrous membranes provides an advantage for bone cell stimulation. However, the effects of SMF on cell behavior on the surface of magnetic biodegradable nanofibrous membranes remain unclear. In this study, we used cellular models to examine the effect of magnetized Fe 3 O 4 / PLLA nanofibrous membranes on cellular behavior.
Materials and methods
FeCl 2 ·4H 2 O and FeCl 3 ·6H 2 O were purchased from Merck (Merck, Darmstadt, Germany). Dichloromethane (DCM), N,N-dimethylformamide (DMF) and PLLA were purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO, USA). Oleic acid was obtained from Naclai Tseque (Nacalai Tesque Inc., Kyoto, Japan). All other analytical grade reagents and solvents used were purchased from Merck.
Magnetite nanoparticles were prepared using a coprecipitation method based on the following reaction:
Briefly, FeCl 2 ·4H 2 O (8.6 g) and FeCl 3 ·6H 2 O (23.5 g) were dissolved in 500 ml of degassed distilled water by fast stirring. Then, the temperature of the sample was increased to 85°C and NH 4 OH (27.8 ml) was added. After cooling the sample to room temperature, magnetite nanoparticles formed. To prepare oleic acid-coated Fe 3 O 4 , 1 ml oleic acid was added to the magnetite nanoparticles and heated to 85°C for 30 min. After cooling the particles to room temperature, oleic acid-coated magnetite nanoparticles were isolated and collected from the solution by magnetic separation. After washing with water three times, the samples were dried in an oven at 40°C for 24 h. The ultrastructure of the prepared magnetite nanoparticles was then examined using a transmission electron microscope (H-600, Hitachi, Ltd., Tokyo, Japan). The diameter distribution of the nanoparticles was determined by measuring 300 individual particles using image analysis software (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA).
Prepared oleic acid coated-Fe 3 O 4 and PLLA were mixed and stirred with a concentration of 1:1 (w/w) and then added to a DCM/DMF solution (4:1 v/v), with a concentration of 10% (v/v). The mixture was continuously stirred for an additional 12 h. The mixed solutions were placed into a Figure 1 The setup pictures the electrospinning process using in this study.
15 ml syringe mounted with a stainless steel needle (with an inner diameter of 0.8 mm). The needle was connected to a high voltage power supply and the collector to a grounded circuit (Figure 1 ). The electrospinning conditions were set as follows: applied voltage 25 kV, collector distance 5 cm, and flow rate 1.0 ml/h. To obtain nanomembranes with various thicknesses, the electrospinning time was set to 3, 4 and 5 h. The nanofiber morphology was then examined using a scanning electron microscope (S-2400, Hitachi). Rectangular pieces of the electrospun membrane were cut with a cross section of 1 cm × 1 cm. Then, samples were magnetized in the lab using an impulse magnetizer (Ney Hwu Electrical, Taipei, Taiwan). The SMF flux densities were measured with a Gauss meter (Model 7010; Sypris Test and Measurement, Inc., Orlando, FL, USA). Superparamagnetic properties of current developed oleic acid coated-Fe 3 O 4 / PLLA nanomembranes were measured at temperatures of 5 K and 300 K using a vibrating sample magnetometer (MPMS7, Quantum Design, San Diego, CA, USA).
For biocompatability tests, NIH-3T3 fibroblast analogs (ATCC CRL-1658) were used. Test cells were seeded on the surface of the Fe 3 O 4 -free and magnetized oleic acid coatedFe 3 O 4 /PLLA nanomembranes, and maintained in Dulbecco's modified Eagle's medium (HyClone, Utah, USA) supplemented with l-glutamine (4 mM), 10% fetal bovine serum, and 1% penicillin-streptomycin. Cell cultures were incubated in 5% CO 2 at 37°C and 100% humidity. Scanning electron microscopy was used to compare morphological variations. Briefly, at 48 h, the culture media were removed and samples fixated first in 2.5% glutaraldehyde and 2% paraformaldehyde for 20 min, and then in 1% osmium tetroxide in 0.1 mol/l phosphate-buffered saline (PBS) for 30 min. After the initial fixation, samples were rinsed and postfixed in 1% osmium tetroxide for 1 h. Samples were subsequently washed with PBS and dehydrated in an ethanol series (70%, 80%, 90%, 95% and 100%) in a critical point dryer (HCP-2; Hitachi Ltd, Chiyoda, Tokyo, Japan). A thin palladium gold coating was applied to the samples using a sputtering apparatus (IB-2; Hitachi Ltd, Chiyoda, Tokyo, Japan) before the morphological features of the samples were examined using a Hitachi S-2400 electron microscope (Hitachi Ltd., Chiyoda, Tokyo, Japan).
Results and discussion
Electrospinning has been used to incorporate various metal and inorganic compound nanoparticles into nanofibers [8, 18] . Recently, electrospinning processes have been carried out to develop magnetic fibrous scaffolds containing different kinds of polymers. In these studies, magnetite (Fe 3 O 4 ) has been the most popular magnetic biomaterial, due to its biocompatibility, growth promotion, and stability under various physiological environments [8, 15, 20, 21] . Our results show that the diameters of Fe 3 O 4 nanoparticles are concentrated at 2-8 nm (84.2%) (Figure 2 ). It was reported that the nanoparticles with sizes in the 5-15 nm range have large surface energies which tend to aggregate particles to form large clusters [21] . To reduce this phenomenon, different coating materials, such as polyacrylic acid [21] and PLA/PLLA [2, 3] have been used to stabilize colloidal dispersion. In this study, oleic acid was used to overcome such aggregation behaviors.
As shown in Figure 3 , the Fe 3 O 4 /PLLA nanofibrous membrane was homogeneous, but not bead-free. During fabricating nanofibers using the electrospinning method, several parameters, such as applied voltage, polymer concentration, and distance between the needle tip and electrode, are important factors to maintain the Taylor cone and control the quality of the produced nanofibers [8, 18, 22, 23] . In this study, the applied voltage and polymer concentration were set to 25 kV and 10 wt%, respectively. These parameters are similar to the report of Meng et al. [15] , who found that beads obviously decrease as the polymer solution concentration increases to 12 wt%. However, these parameters are inconsistent with previous reports [8, 24] which found that with an applied voltage of 20 kV, bead-free fibers were achieved only from solutions with polymer concentrations lower than 5 wt%. Figure 4 shows the hysteresis loops of current magnetic nanofibrous membranes measured at 300 K and 5 K, respectively. Saturation magnetization was not reached even with a high strength magnetic field. In addition, the magnetic membrane demonstrated a superparamagnetic behavior similar to that reported by Ge et al. [21] . The magnetic nanofibrous membranes showed no remanence at 300 K, but did show typical ferromagnetic hysteresis loops at 5 K. This is because at a low temperature (5 K), thermal energy is insufficient to induce moment randomization [21] . This is an important property for using this material in biomedical applications, such as use as a clinical MRI contrast agent which needs to respond to a strong magnetic field [3] . Figure 6 Scanning electron microscopy ultra-morphology of NIH-3T3 fibroblast cell growth on Fe 3 O 4 -free (A) and (B) oleic acid-coated Fe 3 O 4 integrated electrospun poly-l-lactide (PLLA) nanomembranes.
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As shown in Figure 5 , after the magnetic membranes were magnetized, the magnetic flux density on the membrane surfaces increased along with the incensement of membrane thickness, with an approximately linear relationship (R = 0.82, p < 0.05). This phenomenon may contribute to numerous magnetic nanoparticles becoming embedded in the polymer beads [21] . Because each nanomagnetite could be a single magnetic domain, Wei et al. [8] discussed that the positive effect on cellular function may be due to the accumulation of a great number of tiny magnetic fields. This phenomenon also can be used to explain findings shown in Figure 5 . Figure 6 showed that both magnetized and unmagnetized membranes have good biocompatibility and that magnetized membranes provide an environment for improving cell adhesion. It was reported that cell adhesion onto scaffolds is an important step in tissue engineering [8, 25] . Since previous studies have found that SMF have a positive effect on cellular proliferation and differentiation [9] [10] [11] [12] , it is not surprising that cells cultured on magnetized membranes demonstrate a more spreading morphology. Similar results can be found in several previous studies, which reported that magnetic nanoparticles exhibited a strongly osteoinductive effect [2, 8, 20] .
In conclusion, our results suggest that oleic acidcoated Fe 3 O 4 can be used to prepare lipophilic magnetite particles, and can be incorporated into PLLA-based magnetic biodegradable nanofibers. In addition, magnetized biodegradable nanofibrous membranes have positive effects on cell behavior.
